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Abstract
Sleep fragmentation, a symptom in many clinical disorders, leads to cognitive impairments. To
investigate the mechanisms by which sleep fragmentation results in memory impairments, rats
were awakened once every 2 min via 30 s of slow movement on an automated treadmill. Within 1
h of this sleep interruption (SI) schedule, rats began to sleep in the 90-s periods without treadmill
movement. Total non-rapid eye movement sleep (NREM) sleep time did not change over the 24 h
of SI, although there was a significant decline in rapid eye movement sleep (REM) sleep and a
corresponding increase in time spent awake. In the SI group, the mean duration of sleep episodes
decreased and delta activity during periods of wake increased. Control rats either lived in the
treadmill without movement (cage controls, CC), or had 10-min periods of movement followed by
30 min of non-movement allowing deep / continuous sleep (exercise controls, EC). EC did not
differ from baseline in the total time spent in each vigilance state. Hippocampal long-term
potentiation (LTP), a long-lasting change in synaptic efficacy thought to underlie declarative
memory formation, was absent in rats exposed to 24 and 72 h SI. In contrast, LTP was normal in
EC rats. However, long-term depression and paired-pulse facilitation were unaltered by 24 h SI.
Twenty-four hour SI also impaired acquisition of spatial learning in the hippocampus-dependent
water maze test. Twenty-four hour SI elevated plasma corticosterone (CORT) to levels previously
shown to enhance LTP (125 ng / mL). The results suggest that sleep fragmentation negatively
impacts spatial learning. Loss of N-methyl-D-aspartate (NMDA) receptor-dependent LTP in the
hippocampal CA1 region may be one mechanism involved in this deficit.
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Introduction
Sleep fragmentation is a common symptom in several clinical disorders including restless
leg syndrome (Rosenthal et al., 1984; Bastuji & Garcia-Larrea, 1999; Sforza et al., 1999;
Saletu et al., 2000), depression (Jones et al., 1987; Perlis et al., 1997), post-traumatic stress
disorder (Mellman et al., 1995; Ohayon & Shapiro, 2000), narcolepsy (Mamelak et al.,
1979; Zorick et al., 1986; Tafti et al., 1992), and obstructive sleep apnea (Roehrs et al.,
1985; Kimoff, 1996; Moore et al., 2001). Sleep fragmentation interferes with the
architecture of normal sleep, reduces deep sleep, and impairs the restorative / cognitive
benefits of sleep via, as yet, unidentified alterations in neural processing (Bonnet, 2005).

Excessive daytime sleepiness induced by experimental sleep fragmentation in normal
humans has been shown to result in significant cognitive impairments even though total
sleep time may not be greatly diminished (Bonnet, 1987; Stepanski, 2002). In clinical
populations with severe sleep fragmentation, such as sleep apnea, total sleep time also
typically diminishes only slightly (Coleman et al., 1982). Hence, unlike total sleep
deprivation, it is the frequent arousals and restructuring of sleep caused by sleep
fragmentation that are thought to underlie the excessive daytime sleepiness and
neurocognitive impairments, rather than loss of sleep time per se. Accordingly, it has been
proposed that sleep must continue uninterrupted for a minimum length of time in order for
sleep to produce its full restorative effects that lead to optimal daytime vigilance and
neurocognitive function (Franken, 2002; Stepanski, 2002; Bonnet, 2005).

Although many previous studies have examined the effects of total sleep deprivation in
animals (Everson, 1995; Rechtschaffen & Bergmann, 1995), few animal studies have used
an experimental sleep interruption (SI) paradigm to model sleep fragmentation. Here we
used the gentle movement of a treadmill device to awaken rats 30 times per h for 24 or 72 h,
a frequency of sleep fragmentation typically observed in sleep apnea (Wiegand & Zwillich,
1994) to generate a novel animal model of the sleep fragmentation occurring in sleep
disorders.

The hippocampus is a critical structure for many cognitive / memory processes and has been
reported to be especially sensitive to sleep loss (Blissitt, 2001; Guan et al., 2004; Ruskin et
al., 2004). In the present experiments, we assessed the effects of sleep fragmentation on both
behavioural and electrophysiological measures of hippocampal function. For the
electrophysiological studies we looked for changes in hippocampal long-term potentiation
(LTP) and its counterpart long-term depression (LTD). These exogenously induced forms of
synaptic plasticity are commonly accepted as a model of hippocampal memory processes
(Shapiro & Eichenbaum, 1999; Martin & Shapiro, 2000; Braunewell & Manahan-Vaughan,
2001). For the behavioural assessment of hippocampal-dependent memory we used the
water maze task, a spatial memory task that is dependent on hippocampal function (Morris
et al., 1982; Sutherland et al., 1983; Ferbinteanu et al., 1999). Hippocampal synaptic
plasticity has been shown to be sensitive to changes in stress as defined by elevations in
circulating corticosterone (CORT). Accordingly, we also measured plasma CORT after SI,
in order to determine the potential effects of CORT on our findings.

Materials and methods
Animals

Young (30–50-days old) male Sprague–Dawley (Charles River Breeding Laboratories,
Wilmington, MA) rats were used for electroencephalography (n = 8) and electrophysiology
(n = 23) procedures. Adult (225–275 g) male Sprague–Dawley (Charles River Breeding
Laboratories, Wilmington, MA) rats were used for the water maze task (n = 32). To control
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for non-specific influences that the EEG / EMG cables might have had on sleep parameters,
four rats [(2 SI and 2 exercise controls (EC)] that underwent the polysomnographic
recordings were used to replicate findings in the LTP experiment. Rats were housed under
constant temperature (23 °C) and 12-h light : 12-h dark cycle (light-on period from 10:00
hours to 22.00 hours) with food and water available ad libitum. All animals were treated in
accordance with the American Association for Accreditation of Laboratory Animal Care’s
policy on care and use of laboratory animals. All procedures were approved by the
institutional animal care and use committee (IACUC) of the Boston VA Healthcare System.

Sleep interruption procedure
Rats lived in a treadmill cage (l × w × h; 50.8 cm × 16.51 cm × 30.48 cm) in which the floor
is a horizontal belt automatically programmed to move slowly at a rate of 0.02 m/ s, which is
a speed we have determined to reliably produce awakenings. The treadmill ran at this slow
speed for 30 s, followed by no treadmill movement for 90 s. This 30 s on / 90 s off schedule
produced 30 interruptions of sleep per hour continuously for the 24 or 72 h of SI exposure.
In order to habituate the rats to the treadmill movement the treadmills were turned on (5 min
treadmill on followed by 5 min off) for 1 h on each of the 2 days prior to the experiment. As
a control for the non-specific effects of locomotor activity, an EC group was included in this
study. In this group, rats obtained an equivalent amount of treadmill movement / exercise,
but with a treadmill on / off schedule of 10 min on / 30 min off, allowing for longer periods
of undisturbed sleep.

Polysomnographic recordings
Electroencephalograph (EEG) and electromyograph (EMG) surgery was carried out under
general anaesthesia (sodium pentobarbital, 65 mg / kg, i.p.). The rats were also given
ketofen (5 mg / kg, s.c.) as an analgesic following surgery. Bilateral screw electrodes
(Plastics One Inc. Roanoke, VA) were fixed onto the skull above the temporal cortex (2 mm
caudal to bregma and 4 mm lateral to the mid sagittal suture) for recording EEG. EMG
electrodes, which consisted of flexible stainless steel wires insulated with nylon except for a
1.62 mm suture pad ending (Plastics One Inc.) were fixed onto the superior nuchal muscles.
After at least 7 days of recovery from surgery, the rats were placed in the treadmill apparatus
and hooked up to the EEG cables (Plastics One, Inc.). Rats received 5 days of ‘cable
training’, where they habituated to living on the treadmills with the electrode cables and the
movement of the cables with an overhead swivel. On days 4 and 5, the rats received the
treadmill movement habituation described above. On day 6, the baseline EEG / EMG was
recorded for 24 h. On day 7, EEG and EMG activity was recorded for 24 h of SI or EC
treatment. The treadmills were turned on at lights on and turned off 24 h later. A Grass
Model, 15 polygraph with model 15A4 amplifiers (Grass-Telefactor, West Warwick, RI)
was used for all EEG and EMG data collection. Behaviour was classified into three different
states by means of EEG and EMG analysis: wakefulness (W), non-REM sleep (NREMS,
also referred to as slow wave sleep), and rapid eye movement sleep (REMS). Grass Rodent
Sleep Stager (RSS) V3.0 (Grass-Telefactor) was used for off-line EEG and EMG analysis.
The full 24 h of recordings were visually scored in 10 s epochs as previously described
(Thakkar et al., 1999; Thakkar et al., 2001).

Hippocampal slice electrophysiology
For the electrophysiology experiments, the treadmills were turned on at lights on and turned
off 24 or 72 h later. Immediately after SI or EC treatment, rats were deeply anaesthetized
with isoflurane and decapitated. After decapitation, the brains were removed and cut into a
block containing both hippocampi. Horizontal slices (400-μm thickness) were cut using a
vibroslicer (Campden Instruments, LTD, Lafayette, Indiana) in ice cold artificial
cerebrospinal fluid (ACSF) that contained (in mM): sucrose, 209; KCl, 1.8; KH2PO4, 1.2,
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MgSO4, 3.3; CaCl2, 0.6; NaHCO3, 25.6; D-glucose, 10 (previously bubbled with 95% O2,
5% CO2). Slices were then placed in ACSF that contained (in mM): NaCl, 124; KCl, 1.8;
KH2PO4, 1.2; MgSO4·7H2O, 1.3; CaCl2·2H2O, 2; NaHCO3, 25.6 and D-glucose, 10, and
bubbled with 95% O2 and 5% CO2 at room temperature for at least 1 h. Slices were tested in
a recording chamber that was constantly perfused with ACSF continuously oxygenated with
95% O2 and 5% CO2 at 33 °C. Constant voltage, rectangular, biphasic, stimulus pulses (0.2
ms) were delivered by an isolated pulse stimulator (Model 2100, A–M systems, Carlsborg,
WA) through a glass electrode filled with ACSF and placed on the stratum radiatum of the
CA1 region of the hippocampus to stimulate Schaffer collateral fibers. Field excitatory
postsynaptic potentials (fEPSPs) were recorded with a glass micropipette filled with ACSF
and placed in stratum radiatum. Signals were amplified by a microelectrode amplifier
(Axoclamp 2-B, Axon Instruments, Union City, CA), digitized (Digidata 1322A, Axon
Instruments), filtered at 10 kHz, and sampled at 20 kHz. The initial slope of the fEPSP was
used as a measure of synaptic strength. An input–output (I–O) voltage curve was obtained
by recording averaged responses at 10-V increments, starting at threshold and ending at
saturation. Saturation was reached when two sequential stimulus intensities no longer
produced increases in fEPSP slopes (did not vary by more than 5%). Each I–O pulse was
separated by 30 s.

Stimulus strength was adjusted to evoke potentials with a slope equal to 50% of the
maximum response obtained in the I–O curve. Prior to each experimental paired-pulse
facilitation (PPF), long-term potentiation (LTP), or long-term depression (LTD)
manipulation baseline test pulses were recorded for 15 min to ensure that the fEPSPs were
stable. PPF experiments were conducted in slices that were afterward used for LTP
experiments. fEPSP responses to paired pulses at a 50 ms and 100 ms interpulse interval
(IPI) were recorded. LTP was induced by administering three trains of high frequency (100
Hz) pulses with a 30-s intertrain interval. In slices from a separate group of rats, LTD was
induced by administering 900 low frequency (1 Hz) paired-pulses (200 ms IPI). Both LTP
and LTD stimulation induction parameters have been demonstrated to be N-methyl-D-
aspartate (NMDA) receptor dependent (Herron et al., 1986; Kemp & Bashir, 1999). One
hour of test pulses were then recorded to observe any long-term changes in fEPSP after
LTP / LTD stimulation. PCLAMP 9.0 software (Axon instruments) was used for data
acquisition and off-line analyses. fEPSP slopes in all groups were normalized prior to
statistical analysis.

Water maze
In the water maze (WM) protocol each rat underwent three blocks of four trials separated by
a 30-min period. This version of the WM task allows rats to be fully trained in
approximately 3 h (Frick et al., 2000), which is necessary for manipulations that cannot be
given on multiple days, such as 24-h sleep fragmentation. Rats were tested in the water maze
during the last two hours of the 12 h lights-on period. On each trial, rats were placed in the
WM facing the wall in one of three quadrants that did not contain the hidden platform. The
starting position was in a semi-random order so that no start point was repeated and no point
was used more than three times. The location of the hidden platform remained constant. If
the animal did not find the hidden platform within 60 s, the rat was placed on the platform
by the experimenter for approximately 10 s before being placed in a holding cage for an
additional 60 s. A video tracking system (EzVideo Multi Track System, AccuScan,
Columbus, OH) was utilized to record rodent behaviour in the water maze. To test if rats
used a spatial strategy to learn the task, a probe trial was given 30 min after the last swim in
which the platform was removed and each rat had a 30-s free swim in the water maze.
Following the probe trial, rats completed a visible platform version of the water maze, in
which a flag was placed on the platform and rats were allowed four, 60-s trials to find the
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location of the platform. In each trial, the location of the platform and start position was
moved to a new position in the pool. Between trial blocks rats were group housed in a dry
cage. SI rats were observed during the 30 min inter-trial intervals in order to prevent sleep
with gentle handling and sensory stimulation; however, the SI rats engaged primarily in
grooming and social interaction during this period.

Coritcosterone analysis
For the CORT analyses, the treadmills were turned on at lights on and off at lights on either
the following day (24 h) or 72 h later. All rats were killed within 1 h after lights on.
Immediately after the treadmills were turned off for SI or EC (or at the equivalent time of
day for naïve control groups) each rat was rapidly decapitated. Trunk blood was collected
from each rat (~6 mL per rat) into polyethylene tubes on ice containing 600 μL (Na2-
EDTA) at 20 μg / mL. Blood samples were centrifuged at 4 °C for 7 min at 1000 × g. The
plasma fraction was isolated, aliquotted, and frozen at −80 °C. Plasma corticosterone was
shipped on dry ice to the Cornell University Animal Health Diagnostic Laboratory for
quantification of plasma corticosterone levels.

Results
Sleep interruption decreased sleep episode duration and increased delta activity

The purpose of the SI protocol utilized here, wherein the rats are awakened 30 times / h, was
to mimic the frequency of sleep fragmentation observed in human clinical disorders, such as
sleep apnea. Potential differences in the polysomnographic measures between the baseline,
SI, or EC treatments were evaluated with paired sample t-tests. Here, in both SI and EC
treatments, the rats began to sleep in the undisturbed periods within 1 h of SI onset (10:00
h), as demonstrated by high-amplitude EEG activity and reduced muscle tone in the EMG.
Figure 1A shows 2 min of compressed EEG and EMG data from a representative rat
illustrating that the rats learn to sleep when the treadmill is off (as shown by reduced EMG
activity and increased amplitude, slow EEG activity) and are awake when the treadmill is on
(as shown by increased EMG activity and reduced amplitude, fast EEG activity). The
average duration of individual NREM sleep episodes was greatly reduced compared to
baseline for the 24 h of SI (from 109 s to 63 s; t4 = 5.94, P < 0.05, Fig. 1B), indicating that
SI rats were unable to have long durations of consolidated sleep. In contrast, the EC group
actually showed the opposite, i.e. an increase in sleep episode duration compared to baseline
(from 105 s to 143 s; (t2 = −4.64, P < 0.05, Fig. 1B), presumably because the EC rats were
forced to concentrate their sleep in the 30 min the treadmill was off. Figure 1C shows that
compared to their own baseline, rats in the SI group had no statistically significant change in
total NREMS (from 41% to 37%; t4 = 0.93, P > 0.05) although they had a significant
increase in W (from 46% to 60%; t4 = 2.99, P < 0.05) and decreased REMS (from 13% to
3%; t4 = −10.13, P < 0.05). In the EC rats, compared to their own baseline, there was no
change in per cent of time spent in any of the three vigilance states (Fig. 1D).

Figure 2 shows the change in delta power (1–4 Hz), a measure of homeostatic sleep pressure
during 24-h SI (left column). A robust increase in the EEG delta power during SI exposure
was clearly visible at all time points when the animals were awake (Fig. 2A, middle).
Repeated measures ANOVA revealed a main effect of treatment (F1,8 = 7.022, P < 0.05).
During periods of NREM sleep (Fig. 2A, bottom) the mean EEG delta power was not
uniformly elevated throughout the 24-h period of SI exposure (main effect of treatment F1,8
= 1.30, NS). However, the treatment–time interaction for NREM delta was significant
(F23, 184 = 2.30; P < 0.05 with sphericity assumed, and P = 0.054 using Huynh-Feldt
correction). An analysis of the individual data revealed that this interaction was primarily
due to the NREM delta elevation in two of the five rats that can be seen in the second half of
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the light period (Fig. 2A, bottom). During EC exposure, there was no change in the waking
or NREM EEG delta power (Fig. 2B).

Sleep interruption impaired hippocampal LTP but not LTD, PPF, or fibre excitability
As can be seen in Fig. 3A, compared to CC rats, rats that underwent 24 h SI, but not 24 h
EC, had impaired hippocampal LTP. Similarly, after 72 h of SI (n = 3), LTP was almost
completely absent, whereas LTP was not altered by 72 h of EC (n = 4; 72 h SI / EC data not
shown). For LTP analysis, the fEPSP slope of the middle time point (7 min) in the baseline
recording (T1) was compared to the slope of the time point 30 min post-tetanus (T2) in the
CC, 24 h and 72 h SI groups. Potential changes in evoked responses were analysed in a 5 × 2
repeated measures ANOVA with group as the between measures factor and time (T1 and T2)
as the within measures factor. The repeated measures ANOVA was followed by Bonferroni
pairwise comparisons comparing each group at T1 and at T2. Repeated measures ANOVA
revealed a significant overall between groups difference (F4,22 = 3.47, P < 0.05) as well as a
significant group–time interaction (F4,22 = 3.64, P < 0.05). Bonferroni pairwise comparisons
showed that while the five groups did not differ from each other at T1, both the 24-h and 72-
h SI rats had significantly lower fEPSP slopes than either the naïve control (P < 0.05 for 24-
h and 72-h SI) or the EC (P < 0.05 for 24-h and 72-h SI) rats at T2. Moreover, in the SI
groups there was no significant difference between T1 and T2 (P > 0.05 for 24-h and 72-h
SI). The CC and EC rats did not differ from each another at either T1 or T2. Although LTP
was blocked in the SI rats, there was no apparent effect of 24-h SI on LTD, as these rats
responded similarly to CC rats at T2 (P > 0.05; Fig. 3B). Plotting I–O curves for 24-h SI and
control (EC and CC) rats revealed no differences in the amount of voltage necessary to
evoke fEPSP responses at any point on the I–O curve (Fig. 3C). Thus, compared to control
rats, 24 h of SI did not produce a change in the stimulus intensity necessary to elicit an
initial, threshold response, or a change in the stimulus intensity necessary to reach
saturation, indicating that SI does not produce changes in fibre excitability.

We were also interested in determining whether presynaptic or postsynaptic mechanisms
were involved in the SI-induced block of LTP. One physiological mechanism commonly
used to test the idea that a change in synaptic efficacy is occurring through presynaptic
mechanisms is paired-pulse facilitation (PPF), which is a measure of the probability of
neurotransmitter release and is an index of presynaptic plasticity. Specifically, the degree to
which the second (test) pulse increases compared to the first (conditioning) pulse in PPF, is
the measured index of presynaptic activity and is inversely related to the probability of
neurotransmitter release (Zucker., 1993). Two one-way ANOVAs, with group as the
between measures factor and PPF ratios as the within measures factor, revealed that there
were no differences in PPF ratios (second pulse : first pulse) between 24-h SI, 24-h EC, or
CC groups at 50 ms (F2,13 = 0.93, P > 0.05, Fig. 3D) or 100 ms (F2,13 = 1.23, P > 0.05, Fig.
3D) suggesting that SI does not produce a change in presynaptic mechanisms.

Sleep interruption impaired water maze performance
To explore further the effects of 24-h SI on hippocampal function, rats were tested in a
spatial version of the water maze. The length of the path rats took to reach the hidden
platform during the acquisition trials is shown in Fig. 4A. The main effect of trials was
significant (repeated measures ANOVA, F11,319 = 12.302, P < 0.05) indicating that in all
conditions, the animals learned the location of the platform across the 12 trials. There was a
significant difference in main effect of path length to reach the platform among the three
groups tested (F2,29 = 4.346, P < 0.05) indicating that SI rats swam a significantly longer
distance to reach the platform than did CC rats (P < 0.05, Tukey’s), although the EC was not
significantly different from either the SI or CC groups. The trial–group interaction effect
was not significant (F22,319 = 0.745, P > 0.05). Differences in performance cannot be
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attributed to motor impairments as swim velocity was not significantly altered between
groups (F2,29 = 1.317, P > 0.05) nor was there a trial–group interaction (F22,319 = 1.187, P >
0.05).

Thirty minutes after acquisition trials, rats were tested in a 30-s probe trial. The percentage
of total distance that the animals spent searching in the quadrant that formerly contained the
hidden platform was calculated (see Fig. 4B). There was a significant difference between
conditions when analysing the percentage of total swim distance spent in the target quadrant
(F2,29 = 3.389, P < 0.05). Tukey’s test revealed that SI rats swam less distance in the target
quadrant than cage controls (P < 0.05), and no significant differences were observed
between the CC and EC rats. There was no significant difference between the SI and EC
group (P > 0.05). Once again, swim velocity was not significantly altered among groups
(F2,22 = 2.990, P > 0.05). After the probe trial, rats were tested in a visible platform version
of the water maze (data not shown). There were no significant differences among the three
groups in distance travelled to find the visible platform (F2,29 = 0.453, P > 0.05) nor was
there a trial–group interaction (F6,87 = 0.128, P > 0.05).

Plasma corticosterone is elevated by SI
Plasma CORT levels in rats exposed to the 24-h and 72-h SI, and EC conditions were highly
variable and the raw data did not pass tests for normality (Shapiro–Wilk test). Following
square root transformation, the raw CORT data were normally distributed and all subsequent
analysis used the transformed data (see Table 1). CORT levels in time-matched CC rats (all
rats were killed at the circadian nadir for CORT) were normally distributed and showed very
low levels of CORT (2.87 ng / mL), indicating that neither the procedures used to kill the
rats, nor the room the rats were tested in, caused a CORT elevation. ANOVA revealed the
transformed data failed a homogeneity of variance test (Levene Statistic = 7.27, P < 0.05)
hence non-parametric analysis was used. The Brown–Forsythe test for equality of means
showed a significance in group mean differences (F4,22.710 = 4.57, P < 0.05). The Tamhane
posthoc test (which is not dependent on equality of variances) showed that compared to CC
rats, 24-h SI resulted in significantly higher CORT levels (P < 0.05), but there was not a
significant difference between the 24-h EC and 24-h SI group (P > 0.05), nor between the
CC and the 24-h EC group (P > 0.05). In the 72-h condition, CORT elevations induced by SI
were not significantly greater than 72-h EC.

Discussion
Previous animal and human studies have documented the deleterious effects of total sleep
deprivation on memory processes (Blissitt, 2001; Durmer & Dinges, 2005). However, the
effects of sleep fragmentation on mnemonic mechanisms are less well understood. Here we
found that hippocampal LTP, an experimentally induced model of the synaptic changes
associated with memory formation, was absent after 24 and 72 h of a novel animal model of
sleep fragmentation (sleep interruption, SI; 30 awakenings / h). Furthermore, 24 h of SI
impairs spatial learning in the water maze, a well-studied hippocampus-mediated mnemonic
task. We emphasize that our SI model was not designed to produce effects similar to total
sleep deprivation but rather, to mimic the disturbances of continuity, deep sleep, and REM
sleep seen in obstructive sleep apnea and other clinical disorders with sleep fragmentation.

The analysis of vigilance states, comparing the total sleep and wake times during SI to
baseline conditions, showed that SI produced no change in total NREMS time. This finding
parallels the human condition as the sleep fragmentation of sleep apnea does not interfere
with total NREMS time, but does reduce the depth and quality of NREMS (Roehrs et al.,
1985). During the 24 h of SI treatment, there was a significant increase (30%) in total time
awake and a significant decrease in REMS (from 13% to 3%). This reduction of REMS
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during SI is less severe than that observed with selective REMS deprivation methods, which
have lower REMS percentages (Mendelson et al., 1974; Thakkar et al., 1999). It is currently
unclear whether or not REMS is decreased in clinical disorders with sleep fragmentation, as
there are conflicting reports within and between disorders. For example, REMS has been
reported to decrease (Kass et al., 1996; O’Connor et al., 2000) or remain unchanged in sleep
apnea (Loadsman & Wilcox, 2000), and has been reported to increase to a greater extent in
major depression than in post-traumatic stress disorder (Mellman et al., 1997). Although
total NREMS time was unchanged in the SI rats, there was a reduction in the average
duration of each individual sleep episode. SI also flattened the normal diurnal variation of
EEG delta power and sleep (see Fig. 2). Total EEG delta power was elevated during SI, as
was delta power during periods of wakefulness and NREMS, suggesting an increase in delta
sleep pressure despite the normal amount of NREM sleep time. EEG delta power has been
used as a marker of the homeostatic sleep drive, as delta power increases during periods of
prolonged wakefulness (Tobler & Borbely, 1986; Franken et al., 2001) and during the first
few hours of sleep after sleep deprivation (Pappenheimer et al., 1975). Conversely, EEG
delta power is reduced after prolonged sleep (Werth et al., 1997). Furthermore, in our
laboratory, rats released from 24 h of SI at lights out show an increase in sleep time and
NREM delta power during the recovery sleep period, also indicative of an increase in sleep
pressure (unpublished observations). These data all suggest that SI reduced the ‘quality’ of
sleep and led to a buildup of delta sleep pressure. The variable effect of SI on the NREM
delta of individual rats is consistent with individual ‘trait-like’ susceptibility to the effects of
sleep deprivation on neurobehavioural performance that has been described in man (Van
Dongen et al., 2004).

Rats in the EC group had a similar amount of treadmill exercise time as the SI group (360
min / 24 h). This exercise did not alter the distribution of total time spent in sleep and
wakefulness, or delta power across the 24 h, indicating that EC does not result in a buildup
of delta sleep pressure. Based on these data, we believe that the EC is in fact a good control
for non-specific locomotor effects of the treadmill-induced SI. Furthermore, there was no
movement artifact in these recordings; the possibility of subthreshold movement artifact
influencing the power analysis is very unlikely because the EC rats had more active
locomotion than did the SI rats and the waking delta power of EC was not elevated. It
remains possible that the effects of SI on hippocampal functioning may be due to some
aspect of the SI procedure that is not controlled for by the EC group. However, as discussed
below, it is unlikely that a CORT mediated stress response can fully explain the findings.
Interestingly, the average duration of individual NREMS episodes in the EC group was
increased compared to baseline conditions, which presumably reflects the fact that these rats
were forced to consolidate their sleep time into the 30 min when the treadmill was off.

Here, we were interested if the SI and consequent buildup of delta sleep pressure altered
hippocampal synaptic plasticity. The ability of 24 h of SI to block LTP is extremely robust,
whereas the EC condition had no effect on LTP. The finding that SI impaired spatial
learning further suggests that disruptions of sleep impacts hippocampal function.
Specifically, SI rats had decreased performance in spatial acquisition of the task relative to
controls, whereas EC rats were not different from CC or SI rats in acquisition. The water
maze data indicate that some spatial learning can exist even without CA1 hippocampal LTP
in the SI rats, and this is supported by previous studies, which show that NMDA receptor
antagonists block LTP, but rats are still able to learn in the water maze task, albeit more
slowly (Ylinen et al., 1995; Kesslak et al., 2003). Thus, we conclude that while both LTP
and water maze performance are decreased after SI, NMDA receptor dependent LTP in the
hippocampal CA1 region by itself does not fully account for spatial learning.
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It is currently generally accepted that long-lasting changes in hippocampal synaptic efficacy,
examined experimentally in LTP or LTD paradigms, underlie declarative memory formation
(Malenka & Bear, 2004; Lynch, 2004). For example, superior escape and spatial preference
water maze learning performance correlates positively with the amount of LTP that can be
induced in aged rats (Schulz et al., 2002). It has been demonstrated in the water maze task,
that a pharmacological block (D-AP5) of the NMDA subtype of glutamate receptors impairs
consolidation of spatial memory information and LTP (Morris et al., 1982; Morris & Frey,
1997). Moreover, it has been shown that deletion of the NMDAR1 subunit of the NMDA
receptors, selectively in hippocampal CA1 pyramidal cells, impairs both LTP and spatial
memory (McHugh et al., 1996; Tsien et al., 1996a; Tsien et al., 1996b).

It has been demonstrated previously that REMS deprivation (Davis et al., 2003; McDermott
et al., 2003) and total sleep deprivation (Campbell et al., 2002) result in impairments in
hippocampal LTP. Accordingly, we examined NMDA-receptor dependent hippocampal
LTP and LTD as well as PPF to provide insight into the changes in synaptic plasticity,
which may underlie the deficit in spatial memory caused by SI.

Although SI led to a deficit in LTP in the CA1 region, there did not appear to be an overall
(metaplastic) shift from potentiation to depression, as SI did not alter LTD. In accord with
this finding, LTP but not LTD was affected after REM sleep deprivation in a previous study
(McDermott et al., 2003). While it is possible that the effects of SI on LTP are due to
selective REMS reduction, some of our findings suggest that it is unlikely. The amount of
LTP impairment observed here after 24 h of SI is much greater than that observed after 24 h
of REMS deprivation alone (Davis et al., 2003), indicating that different, or additional,
mechanisms are at work in our SI model. Although 72 h of selective REMS deprivation does
produce an LTP reduction approaching the magnitude observed after 72 h of SI, the
published studies do not document the actual changes in sleep making specific comparisons
to our SI model difficult (Campbell et al., 2002; Davis et al., 2003; McDermott et al., 2003).
Of note, REMS deprivation does not result in impairment of LTP in all brain regions.
Specifically, in the visual cortex of young rats, selective REMS deprivation results in a
preservation of the ability to induce LTP (Shaffery et al., 2002). In another study
investigating LTP in the hippocampus, 12 h of total sleep deprivation during the light period
only produced a 32% reduction in LTP, also suggesting that 24 h of SI has a greater effect
on LTP than does total sleep deprivation (Campbell et al., 2002). The decrease in LTP
observed after SI, was not due to changes in fibre excitability, as there were no differences
in the input–output curves between the SI and EC groups. Additionally, PPF ratios were
unaffected by SI, indicating that presynaptic mechanisms are probably not involved in the
changes in LTP after SI.

The present findings indicate that SI prior to learning trials interfered with the acquisition of
a spatial memory task. This is indicated by both increased swim distance and poorer
performance in the probe trial, without decreases in motor performance or motivation, as
shown by the visible platform trial (see Fig. 4). In contrast, the water maze performance of
rats in the EC group more closely resembled that of cage controls, particularly on the probe
trial and the third block of acquisition trials. Prior research has shown that the consolidation
of hippocampal-dependent memories are sensitive to disruptions of sleep. Selective REM
deprivation, especially 4 h after learning, impairs place acquisition but not cued learning of
the water maze task (Smith & Rose, 1996). Total sleep deprivation for the first 5 h after
acquisition also impaired performance on a hippocampus-dependent contextual fear task
(Graves et al., 2003) and, in general, retention in the water maze task has been shown to be
dependent on sleep post-training (Graves et al., 2001). However, little research has been
conducted looking at the effects of sleep deprivation prior to learning acquisition. Recently
(Guan et al., 2004) found that 6 h of total sleep deprivation (using exposure to novel objects)
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prior to water maze training impaired 24 h retention of the task, but not acquisition. These
results are compatible with the present findings that sleep perturbation interferes with
hippocamal tasks, although it appears that 6 h of total sleep deprivation produces a different
pattern of cognitive effects than does 24 h of SI.

Elevations in peripheral CORT have been shown to reduce hippocampal LTP (Kim & Yoon,
1998). However, for several reasons, we hypothesize that the SI-induced increase in plasma
corticosterone cannot, by itself, explain the complete absence of LTP in SI rats that is
described herein. For example, although the elevation of CORT in EC rats was similar to
that of the SI rats, the EC rats had virtually no reduction in hippocampal LTP. This
observation was true for both the 24-h and the 72-h exposure groups. However, we note that
the elevations in plasma CORT levels described were highly variable, making statistical
analysis with relatively small group sizes difficult, and increasing the probability of a type 2
error (e.g. the 72 h SI group was not significantly elevated relative to cage control group,
despite the marked elevation of CORT in four of eight 72-h SI rats). Interestingly, despite
the variable CORT response, the SI-induced blockade of LTP was not variable (all SI rats
had a complete blockade of LTP), again suggesting that CORT levels alone cannot explain
the present LTP findings. Like the CORT levels, behavioural performance in the water maze
was highly variable, although a correlation between water maze performance and CORT
levels was not attempted in the present study. However, a previous study has shown that the
deficits in spatial task acquisition after sleep deprivation are not due to the adrenal stress
response to sleep deprivation (Ruskin et al., 2005). Additionally, a study that quantitatively
compared the effect of plasma CORT elevations on hippocampal LTP also supports our
hypothesis that the SI-induced CORT elevation cannot fully explain the SI blockade of LTP
(Diamond et al., 1992). Thus, the size of the average CORT elevation observed in the 24-h
SI group (125 ng / mL) has been shown to produce increases in the amount of hippocampal
LTP, the opposite effect of the LTP blockade that we describe. Specifically, these authors
described a U-shaped curve in which low (0–100 ng / mL) to intermediate (110–200 ng /
mL) levels of CORT resulted in increased LTP in CA1 EPSP slope and population spike
after primed-burst potentiation induction, whereas high levels of CORT (210– 930 ng / mL)
reduced LTP (Diamond et al., 1992). These data are consistent with the idea that there is a
biphasic relationship between glucocorticoid binding in the hippocampus and synaptic
plasticity, wherein low levels of glucocorticoids increase the magnitude of LTP that can be
induced, while high levels of glucocorticoids attenuate LTP (Kim & Yoon, 1998). The
literature indicates that CORT elevations above 200 ng / mL that have been shown to reduce
LTP require more severe stressors, such as physical restraint (Pavlides et al., 1993; Ylinen et
al., 1995). In conclusion, additional studies are needed to fully elucidate the causal
relationship between SI, stress / CORT, hippocampal LTP and spatial memory.

Together, the present results suggest that SI produces postsynaptic changes in LTP
mechanisms, and not changes in LTD or short-term plasticity. Impariment of hippocampal
function is further supported by observed deficits in the water maze task after SI. The SI
paradigm used herein mimicked clinical sleep fragmentation (NREMS episode duration was
significantly decreased but total NREMS time was unchanged). Parallel to the findings here,
sleep episode duration appears to be an important predictor of cognitive functioning in man.
Specifically, overnight experimental arousal of humans once every minute or every two
minutes resulted in increased daytime sleepiness and decreased performance on
psychometric tests (Bonnet, 1986; Martin et al., 1996) while arousals once every 10 min did
not (Bonnet, 1986). Indeed, the deleterious effects of sleep fragmentation are similar in
severity to those exhibited in humans after long-term sleep deprivation (Stepanski, 2002).
Furthermore, the sleep fragmentation and restructuring of sleep due to arousals is thought to
mediate the symptoms observed in clinical disorders (Coleman et al., 1982). Clinically,
disorders involving sleep fragmentation have been shown to have deleterious effects on
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cognitive functioning (Stepanski, 2002). In general, our findings are also compatible with
recent studies in man showing that sleep is important for learning and memory processes
(Walker & Stickgold, 2004).
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Fig. 1.
SI decreases sleep episode duration and increases the time spent awake, producing a sleep
pattern resembling that of sleep fragmentation observed clinically. Sleep was interrupted
(fragmented) for 24 h in the sleep interrupted (SI) group by automated treadmills (TM)
operating on a continuous schedule of 30 s on and 90 s off (n = 5). Rats in the exercise
control (EC) group were exposed to 10 min of TM on with 30 min of TM off (n = 3). (A)
EEG and EMG activity from a rat on a SI schedule. When the TM is on (black horizontal
bars), there is increased amplitude EMG activity and decreased amplitude, fast EEG activity.
When the TM is off (grey horizontal bars) there is reduced EMG activity and high
amplitude, slow EEG activity indicative of NREM sleep. Vertical and horizontal calibration
bars indicate 100 μV and 15 s, respectively. (B) Compared to baseline (BL) recordings, SI
decreases the average duration of individual sleep episodes, while the EC treatment
increases the average duration of sleep episodes. In C and D, graphs show the percentage of
time spent in wakefulness (W), non-rapid eye movement sleep (NREMS), and rapid eye
movement sleep (REMS) in the SI, EC, and CC conditions. (C) During SI the percentage of
time awake increases, the percentage of time in REMS decreases and NREMS time does not
change. (D) EC does not affect the percentage of time spent in any vigilance state. In all
graphs asterisks indicate P < 0.05 (t-test vs. BL).
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Fig. 2.
Delta power is increased during SI. (A) Sleep interruption (SI) (n = 5) results in an increase
in total delta power (the amplitude of the electroencephalographic signal in the delta
frequency range of 1–4 Hz). Graphs show average sum (± SEM) of delta power each hour
during the lights on (clear horizontal bars) and lights off (dark horizontal bars) SI periods.
There was a significant increase in total wakefulness (W) delta power (middle left), and a
significant interaction of treatment × time for the NREM delta power (bottom left). (B)
Exercise control (EC) (n = 3) did not produce any change in delta power during W (middle
left) or NREMS (bottom right).
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Fig. 3.
LTP is impaired after 24 h SI. Hippocampal synaptic plasticity in rats was examined after SI
as compared to EC and cage CC conditions. In A and B data shown are in two 1 / 2 min
bins. (A) 24 h SI blocks LTP (n = 6) compared to 24 h EC (n = 6) and CC (n = 8) groups (P
< 0.05). Top left graph shows the average responses across time for all groups. Example
fEPSP traces from individual rats at timepoints T1 (black) and T2 (grey) are shown on the
right. The arrow represents the timepoint of tetanic stimulation. (B) LTD induced by paired-
pulse low-frequency stimulation (PP–LFS) is not significantly different between the 24-h SI
(n = 6) and the CC (n = 6) groups. Left graph shows the average responses across time for
all groups. Horizontal bar represent timepoints of PP-LFS. Examples of fEPSP traces from
individual rats at timepoints T1 (black) and T2 (grey) are shown on the right. (C) Plot of
input–output (I–O) voltage curves for the SI and control (EC and CC) rats shows no
differences between the groups in the amount of voltage necessary to evoke fEPSP
responses at any point on the I–O curve. The plot shows fEPSP response up to lowest
obtained saturation. (D) PPF is not significantly different between groups.
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Fig. 4.
Spatial learning is impaired in the water maze after 24 h of SI. (A) Mean (± SEM) distance
to reach the hidden platform for three blocks of four acquisition trials (SI, sleep interruption;
n = 11; EC, n = 10; CC, n = 11). Overall, SI rats took a significantly longer path to reach the
hidden platform than did CC (P < 0.05), while EC rats were not significantly different from
either group (P > 0.05). A probe trial was given 30 min after the last acquisition trial (see
text for details). (B) The mean percentage (+ SEM) of total distance travelled in the target
quadrant that formerly contained the hidden platform in a single 30-s probe trial given 30
min after the last acquisition trial. SI rats swam significantly less distance in the target
quadrant than did CC (P < 0.05), but EC rats were not significantly different from either
group (P > 0.05). Asterisk indicates P < 0.05.
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Table 1

Corticosterone levels after 24 and 72 h of SI

Group n Raw corticosterone ± SEM (ng / mL) SQRT transformed ± SEM

CC 8 2.9 ± 0.9 1.5 ± 0.3

24 h EC 7 38.8 ± 20.9 5.1 ± 1.5

24 h SI 10 124.7 ± 39.4 9.5 ± 1.9*

72 h EC 4 8.6 ± 4.3 2.7 ± 0.67

72 h SI 8 74.6 ± 32.0 7.0 ± 1.9

Compared to CC rats, plasma CORT levels appear elevated after both 24-h EC, 24-h SI, and 72-h SI conditions. Only the 24-h SI condition has
significantly elevated CORT levels (see text for details). Asterisk indicates significantly different than CC group (P < 0.05).
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